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lonospheric responses on Space Weather

Near Earth plasma environment
7is a final chain of space weather
phenomena started from the Sun

As response to Space Weather
ionosphere can experience
depletions or enhancements in
plasma density/total electron
content, altitudinal and
geographical redistribution of
ionospheric plasma different from
quite condition, formation of
plasma irregularities and gradients
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Power systems: widespread voltage control problems and protective system problems can accur, some grid Kp=2 4 per cycle
systems may experience complete collapse or blackouts. Transformers may experience damage. {4 days per cycle)

Spacecrafi operations: may experience extensive surface charging, problems with crientation, uplink/downlink
and tracking satellites.
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Other svsiems: pipeline currents can reach hundreds of amps, HF (high frequ ency) radio propagation may be
impossible in many ameas for one to two days, satellite navigation may be degraded for days, low-frequency radio
navigation can be out for hours, and aurora has been seen as low as Florida and southem Texas (typically 407
gecmagnetic lat.).**

Power systems: possible widespread voltage control problems and some protective systems will mistakenly trip Ep=§, 10D per cycle
out key assets from the grid. including a 9- | (&0 days per cycle)
Spacecraft operations: may experience surface charging and tracking problems, comractions may be needed for

(G 4 | Severe | crientation problems.

Oiher systems: induced pipeline currents affect preventive measures, HF radio propagation sporadic, satellite

navigation degraded for hours, low-frequency radio navigation disrupted, and surora has been seen as low as

Alahama and northemn Califomia (iypically 45° geomagnetic lat.).**

Power systems: voltage comections may be required, false alarms

W surface charging may oocur on satellite

G 3 | strong satellites, and rr,_u_ may h-_l:::i:.__ r arientation problems. _
= Orther sys ittent satellite navigation and low- frequency radio navigation problems may oocur, HF

radio may he intermittent, and surora has been seen as low .b|||ll nis and Oregon {tvpically 307 geomagnetic
lat. ). **

5 triggered on some protection devices. Kp=T 200 per cycle
componens, drag may increase on low- Earth-orbit {130 days per cvele)




lonospheric plasma irregularities detection using GNSS observations

The open questions:
When and where ionospheric plasma irregularities are

developed?

Our task:
Monitoring of the ionospheric irregularities using GNSS

signals.
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Our approach:
The TEC rapid changes analysis on the base of GNSS signal

I
¥
[}
&
&
i
L

l i
H !
{ Credit: INGV  /
] :

&



Methodology

lonospheric irregularities can be characterized by its impact on amplitude and phase of the
received GNSS signal.

ROT (Rate of TEC change, dTEC/dt) as a measure of phase fluctuation activity (Pi et al, 1997)

kiru 7 /11/2004

Q

54

10+ [ —

154

PRN

20—

25 | —

30

a5 — T

SRRC / UWM

ROTI (Rate of TEC change Index, standard deviation of ROT) characterizes severity of the GNSS
phase fluctuations. ROT/ROTI techniques was deweloper by NASA JPL team (Pi et al., 1997)

Basic approach:
1. Rate of TEC (dTEC/dt) calculation
2. Rate of TEC Index (ROTI) estimation

ROTI is calculated as tandard deviation of ROT on 5 min interwal for 30 second
resolution GNSS measurements



Methodology
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More than 100 GPS stations
Courtesy Manucci et al, 1998

Year 1996

World distribution of GNSS tracking stations

@ GPS & GLONASS

@ GPS

GNSS Stations Distribution

Year 2024
~3500 multi-GNSS stations
(GPS + GLONASS)

~ 6300 stations
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Zakharenkova et al, JGR, 2016




IGS ROTI Maps

Basic approach:

The Rate of TEC Index mapping
lonospheric plasma variability drivers:
- Solar radiation

- Geomagnetic field

The coordinates system:

Image credit: SRI International
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IGS - International GNSS Service 1
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IGS ROTI Maps

ROTI maps are available for the period from 2010 to present on NASA CDDIS

Developed in University of Warmia and Mazury |IGS data analysis center
Introduced on 2013, IGS GB meeting

Pilot phase started on 2014 after IGS Workshop in Pasadena
(Cherniak et al, 2014, Radio Science)
Tested within framework of ESA Monitor-2 project on 2015-2016

(Béniguel et al, 2017, Angeo)

Accepted on 2017 as official IGS product for ionospheric irregularities specification
(Cherniak et al, 2018, GPS Solutions)
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Detailed description of the ROTI Maps Product available in the paper Cherniak et al., GPS Solution, 2018.



IGS ROTI Maps: day-to-day ionospheric irregularities variability.
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IGS ROTI Maps: application

lonospheric irregularities evolution during May 2024 superstorm
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IGS ROTI Maps: application

lonospheric irregularities evolution during moderate and strong geomagnetic

storms on August 2024
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Daily IGS ROTI Maps vs high resolution global ROTI maps

Two level of ROTI mapping \for ionospheric irregularities detection and tracing
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Cherniak et al, 2017

Daily MLAT-MLT IGS ROTI Maps for _ _ Cherniak et al, 2016
specification of large-scale pattern of High resolution ROTI maps (up to 5
irregularities occurrence (e.g. min resolution) — ionospheric

irregularities oval) irregularities dynamics in more detail



Dynamics of ionospheric irregularities traced using GNSS ROTI maps.

August 2018 geomagnetic storm.
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Dynamics of ionospheric irregularities traced using GNSS ROTI maps.

August 2018 geomagnetic storm.
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Daily MLT-MLAT ROTI maps for the Northern Hemisphere for 25-27 August 2018. and
15-18 March 2015



Dynamics of ionospheric irregularities traced using GNSS ROTI maps.

August 2018 geomagnetic storm.

238 2018 0000 UT

High/mid ionosphere response to August 2018 geomagnetic storm. Dynamics of
ionospheric plasma irregularities distribution by high-resolution ROTI maps



Dynamics of ionospheric irregularities traced using GNSS ROTI maps.

August 2018 geomagnetic storm.
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The June 2015 geomagnetic storm a) swarma e e )
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The June 2015 geomagnetic storm
Plasma bubbles on midlatitudes

Global overview

23/06/2015 0000 UT

Cherniak et al, submitted to JGR, 2018

896710 10° 100
d) SwarmB

(9)10.4-109UT __ (8)8.

6q03 10%10° 106_6%3 10%10°10° Gq

8-9.3 UT (7)7.2-7.7UT
6

(6)5.6-62UT _ (5)4.1-46UT _ (4)25-3.0UT
60 6 60

(3)0.9-1.4UT

(2) 23.3-23.8 UT
60 6

3455‘6q345§6q345§6q345€63456""345
0310% 105 10° °103 10* 105 105 °103 10* 105 105 °103 10% 105 105 103 10% 105 1051 1'5) 20 )
e (cm™

108

(1) 21.7-22.3 UT

50
40

30
20
10
0

20
30
40
50

146W. 122! 99w 75W 51 0 2TW 20E 43E
0 0 50 50 50 50 50
40 40 40 40 40 40
30 30 30 30 30 30
20 20 20 20 20 20
10 10 10 10 10 101
0 0 0 0 0 0
10 -10 -10 -10 -10 -10 -10
-20 -20 -20 -20 -20 -20
-30 -30 -30 -30 -30 -30
-40 -40 -40 -40 -40 -40
-50 -50 -50 =50 =50 -50

(6)1.5-2.6 UT

- 9
66570% 105 105 0403 10* 10° 105 0407 10° 105 1059

23 Jun 2015

MLAT (°)

3
=180 -150 -120

-10
-20

MLAT (%)

3
80 -150 -120

3
80 -150 -120

" |
80 -150

-150 -120

(8) 4.8-5.9UT

-90 -60 -30
(9) 6.4-7.5UT

MLAT (%)

20
10

-10
-20

0%10%10° 10° q03 10%10°10° “q03 10%10° 10° %3 10%10°10° "q

0%10%10° 10°

q03 10%10% 108

Ne (cm™)
. (1) 17.3-18.4 UT 22 Jun 2015
10 e
108 o<
LR 0%
Z 10 -10 2
103 SREESCE 20
=180 -150 -120 -90 60 -30 30 60

=180 -150 -120 -90

20
10

-10
-20

=180 -150 -120 -90

-30

7108 — 10
Emsw 0
: -10

20

=180 -150 -120 -90

20
10

-10
-20

MLAT (°) MLAT (%) MLAT (°)

MLAT (°)

a) Swarm b) C/NOFS
i 60 y S —
30°
) ¥ o
——————
} -30°
9 7 |6 |5 |4 |3 |2 |1
- -60°
80 -150° -120 -90° 60 30" O 30 60 . 900  -180° -150° -120 -90° 60 .30 307 60 90
—A —B —cC —1 —2 —a4 —5
c) Swarm A & Swarm C 6 —7 —e —10
(9)8.4-89UT  (8)6.8-74UT  (7)5.3-58UT  (6)3.7-42UT  (5)21-27UT  (4)0.6-1.1 UT  (3)23.0-23.5UT (2) 21.5-22.0 UT (1) 19.9-20.5 UT
80w, 0w €0 rigow 076w 0rssw 60rsow Orsw 0r7E €0rZge
50 50 50 50 50 50 50 50
40 40 40 40 40 40 40
30 30 30 30 30 30 30
20 20 20 20 20 20
10 10 10 10 10 10
0 0 0 0 0 0
-10 -10 -10 -10 -10 -10
-20 -20 -20 -20 -20 -20
-30 -30 -30 -30 -30 -30
-40 -40 -40 -40 -40 -40
-50 -50 -50 -50 -50 -50



The June 2015 geomagnetic storm

Plasma bubbles on midlatitudes
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The June 2015 geomagnetic storm. Plasma bubbles on
midlatitudes. COSMIC S4 index
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The June 2015 geomagnetic storm. Plasma bubbles on

midlatitudes.
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EGNOS, the European Geostationary Navigation Overlay Service. .

Impact on navigation performance
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suitable for safety critical applications such as flying aircraft or navigating ships through narrow channels.



Summary

Moderate and strong geomagnetic storms can drive formation of different types of
ionospheric plasma irregularities. Typically developed on high latitudes with their
further extension to midlatitudes but in same cases intense ionosphere plasma
irregularities expanded from equatorial towards middle latitudes

Combination of ground based GNSS observations and space-based ionospheric
measurements effectively contribute to tasks related with ionospheric plasma
irregularities specification and Space Weather investigations :

o Day-today ionosphere irregularities variability and climatology

o lonosphere plasma irregularities of auroral origin at high and mid midlatitudes

o Storm-induced topside plasma density enhancements and gradients

o Storm-induced midlatitude and equatorial irregularities and differences from
climatology

o Analysis of ionospheric plasma irregularities impact on GNSS performance
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